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Photoelectrons emitted from a gold target via a surface-plasmon-assisted multiphoton photoelectric
process under a femtosecond laser pulse of moderate intensity are much more energetic than in an
ordinary photoeffect without electron collective excitation. The phenomenon is interpreted in terms of
time-dependent ponderomotive acceleration of the particles by the resonant field localized at the metal
surface. The amplitude of the plasmon resonance may be directly estimated by means of the electron
energy spectra.
DOI: 10.1103/PhysRevLett.86.5180 PACS numbers: 78.70.–g, 73.20.Mf, 79.60.–iThe development of powerful lasers more than three
decades ago has allowed the investigation of the general-
ization of the classical photoelectric emission from metals
to processes involving the absorption of several photons
[1]. In recent years, the advent of laser pulses of ultra-
short duration has favored studies in the femtosecond time
regime [2]. These investigations can lead to the creation
of new high-current ultrafast electron sources.
Experimental studies have revealed that the electron
emission rate can be greatly enhanced by the excitation
of collective electron modes of the metal, the so-called
surface plasmons [3,4]. The increase of the photoelectric
signal can be qualitatively explained in terms of an assisted
photoelectric effect where the energy of femtosecond light
pulses is stored by the surface plasmon, creating a hot-
electron population that does not have enough time to
transfer its energy to the crystal lattice. While the presence
of a surface-plasmon excitation is efficient in increasing
the production of photoelectrons, an important open ques-
tion is how the energy of the emitted electrons in such a
“surface-plasmon-assisted” photoelectric process may dif-
fer from the energy predicted by the familiar photoelectric
equation generalized to multiphoton processes.
In this Letter, we show that the photoelectron energy is
strongly affected by the surface-plasmon field, the modifi-
cation from the classical values depending on the charac-
teristics of the plasmon resonance. This fact may be easily
understood by considering a simple analysis of the photo-
electron behavior in the inhomogeneous high-frequency
electric field surrounding the metal surface. The analy-
sis involves simple classical concepts such as the notion of
time-dependent ponderomotive effects, which have been
successfully used in the context of multiphoton ionization
of atoms in high-intensity lasers [5].
Consider an electron released from the metal surface
after having absorbed a required number n of photons
from the laser beam to overcome the work function W
of the metal. While traveling in the vacuum dressed
by the high-frequency field Esp of the surface plasmon,
the total energy of the electron consists of the sum of0031-90070186(22)5180(4)$15.00its kinetic energy §n (given by the Einstein multiphoton
photoelectric equation §n  nh¯v 2 W) and its quiver en-
ergy Usp  e2E2sp4mv2 (or ponderomotive potential) in
the oscillating electric field. As the field is strongly in-
homogeneous, the electron also experiences an effective
low-frequency nonlinear force, the ponderomotive force
Fp  2 =Usp ; as a result, the particle is expelled from the
high-field amplitude regions toward zones of lower field
intensity [6]. Consequently, the electron is accelerated to-
ward the vacuum and its quiver energy is converted into
kinetic energy. If the electron has enough time to explore
the whole spatial extension of the surface plasmon field,
which has a finite lifetime t, the gain of energy can be such
that the quiver energy is fully converted (“complete con-
version”). Otherwise, only part of the potential energy will
be converted (“partial conversion”). As a consequence,
if the plasmon lifetime and the laser pulse duration are
correlated, the amount of gained kinetic energy depends
on the laser pulse duration. In the long pulse regime,
where we will show it is possible to have complete con-
version of the ponderomotive energy, the minimum ex-
tra energy that can be gained by the photoelectrons in a
plasmon-assisted photoeffect is simply equal to the pon-
deromotive potential Usp .
In the electron emission in the presence of a surface-
plasmon excitation, another source of energy gain exists
that is not, strictly speaking, of ponderomotive origin. A
photoelectron may experience an extra acceleration due to
the field of the surface plasmon at the instant of its re-
lease. This acceleration, which depends on the phase seen
by the freed particle [6], will typically last less than half
a period of the high-frequency field, and therefore it is
not a ponderomotive effect. It can be easily shown [7]
that, in the most favorable situation corresponding to an
accelerating phase, the maximum kinetic energy that can
be transferred to the particle is given by the expression
Uspmax  3Usp 1 232§nUsp12. As a consequence,
the photoelectron energy spectrum should show values
ranging from §min  §n 1 Usp to §max  §n 1 Uspmax,
corresponding to different phases of the plasmon field.© 2001 The American Physical Society
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spectrum is that it should exhibit large shifts together with
significant broadenings, the order of magnitude of which
should correspond to the quantity 2Usp 1 232§nUsp12.
The shifting and broadening effects will be less impor-
tant for shorter laser pulse durations, as the ponderomotive
conversion mechanism will be only partial. Thus, the laser
pulse length is a fundamental parameter for such time-
dependent effects. A rough estimate of the pulse dura-
tions for which these effects play an important role can
be made in the following way. Let us consider, for the
sake of simplicity, a photoelectron emitted with a negli-
gible initial velocity that feels a constant ponderomotive
force, with a potential of 10 eV (see below). It can be
easily shown that the time spent by the particle traveling
through the surface-plasmon field of spatial extension b
of, let us say, 600 nm (this value will be justified later on)
is, at most, 600 fs. Hence, if the plasmon resonance life-
time t is longer than this value, the photoelectron will have
enough time to cross the whole plasmon field, thus acquir-
ing the kinetic energy corresponding to complete conver-
sion of the ponderomotive potential into kinetic energy. If
instead t is much shorter than 600 fs, the corresponding
energy gain will be smaller. As a consequence, effects
due to the plasmon lifetime, that we will show are roughly
of the same order of the laser pulse duration, will be best
manifested by using ultrashort laser pulses in the range
of a few hundreds of femtoseconds. It is worth noting
that, for much longer laser pulse durations, the ponderomo-
tive energy shifts and broadenings can be smaller because
of other relaxation mechanisms such as plasmon-phonon
interactions that will take place on longer time scales
[8]. These other mechanisms will contribute to decrease
the amplitude of the surface-plasmon resonance, thereby
lowering the ponderomotive potential and decreasing the
energy shifts.
The previously discussed energy shifts and broadenings
are significant enough to be effectively measured, as we
have shown in our experiment. We have used a gold metal
target, the work function of which is W  5.1 eV [9], and
a laser of wavelength l0  800 nm. As the photon energy
h¯v0  1.55 eV is below the threshold (2.3 eV) for inter-
band transitions [10], plasmon excitation is not expected
to be strongly damped. The photoeffect we study is actu-
ally a four-photon process. For such a nonlinear process to
yield significant results, rather high laser intensities, typi-
cally of the order of 109 Wcm2, are required. If we as-
sume the ratio h  EspEL between the resonant plasmon
amplitude Esp and the amplitude EL of the driving laser
field to be of the order of h  200, the order of magnitude
of the energy shifts, characterized by the quantity Usp 
h2U0, where U0 in eV  9.33 3 10220l20IL (with the
laser intensity IL in Wcm2 and the wavelength l0 in nm),
will be at least 2.4 eV, a value which may be easily experi-
mentally detected. The time dependence of the shifts and
broadenings can be experimentally verified by making theplasmon lifetime (which is the relevant physical parame-
ter) to vary. However, as the experimental parameter is
actually the laser pulse duration, an experimental analysis
of the relationship between the plasmon lifetime and the
laser pulse duration is required in advance.
It has been known since the beginning of the century that
light may excite surface-plasmon modes on gold surfaces if
these are modulated to form diffraction gratings [11]. Pe-
riodic modulation of metallic surfaces provides the extra
momentum necessary to satisfy momentum conservation
in photon-plasmon scattering. If u is the angle of inci-
dence of the laser and a denotes the grating parameter, the
momentum k0 of the laser photons of angular frequency
v0 traveling along the surface is given by the relation
k0  v0c sinu 1 2pa21 (for the first harmonic) [11],
while the surface-plasmon momentum k is related to its
frequency v by the well-known dispersion relation (in the
simplest dielectric approach): k  vc ´1 1 ´12,
where ´v, k is the dielectric function of the metal. A
simple estimate of the relevant resonance angle u (defined
by v  v0 and k  k0) is readily obtained by taking the
tabulated experimental value (´  2 22.3 at laser wave-
length l0  800 nm) [11], which gives, under the con-
ditions of the experiment described hereafter, for grating
constant a  6.67 mm corresponding to 150 grooves per
millimeter, a value of u  64.6±.
The experiment has been carried out by using a
Ti:sapphire laser capable of delivering 85 mJ laser pulses
at l0  800 nm with pulse duration adjustable from
60 to 800 fs. We used a commercial, sinusoidal, holo-
graphically registered grating, covered by 200 nm-thick
vacuum-deposited Au film, held in a magnetically
shielded, high vacuum 1028 mbar chamber. The laser
beam, the incidence plane of which is perpendicular
to the grating grooves, is impinging onto the target
without focalization. The laser intensity is deduced from
a calorimetric measurement of the pulse energy (with
shot-to-shot fluctuations of 5%) and from the autocorre-
lation determination of the pulse duration (with a 10%
uncertainty). Electron emission has been analyzed with
a time-of-flight, magnetically shielded, spectrometer (of
length 60 cm), with energy resolution of 0.1 eV. All the
data have been obtained at maximum of resonance (that is,
maximum number of emitted electrons) at an experimental
incidence angle u  64.8±, in agreement with the above
estimated value. The experimentally determined plasmon
wave vector is then k  8 3 104 cm21, which leads to a
value of the order of b  640 nm for the plasmon field
extension in vacuum, as it follows from the theoretical
expression: b  k2 2 v2c2212. This estimate
confirms that effects due to the plasmon lifetime will be
best manifested by using ultrashort laser pulses in the
range of a few hundreds of femtoseconds.
The measurements of the plasmon lifetime have been
performed using an autocorrelation technique: The laser
beam is split through a Michelson interferometer into two5181
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that can be adjusted with an accuracy better than 1 fs.
As each pulse yields its own photoeffect in the presence
of its own plasmon resonance, electron emission, which
is a four-photon process, will scale as 2 3 IL4 if the
delay between the two pulses is large, and 2 3 IL4 if
the delay is zero. The variations of the electron signal
between these two amplitudes are therefore expected to
occur for time delays of the order of the plasmon lifetime.
The results of this “pump-pump” technique are shown on
Fig. 1. The observed contrast ratio between zero and large
delays is close to 8, as expected. The autocorrelation times
(time delay at half maximum) are 80 fs for laser pulses
of 60 fs, and about 400 fs for pulse durations of 400 fs.
Thus, in both cases, the overlap between the two plasmon
resonances occurs during a period of time close to the
laser pulse duration. One may therefore conclude that the
plasmon lifetime is of the same order as the laser pulse
duration, and this result validates the above analysis.
Investigations on electron emission as a function of the
laser intensity have then been performed. The datasets,
reported as Lux-Ampère characteristics as in [4], exhibit
a slope of 4, as expected from a four-photon photoelectric
effect. Our measurements do not show appreciable space
charge fields for laser intensities lower than, roughly,
1010 Wcm2. The expected strong dependence of electron
emission on the laser polarization [3,11] has been verified:
An enhancement of the electron signal by a factor close
to 100 has been measured between s and p polarizations.
The spectra obtained for a p-polarized laser pulse of 60 fs
are reported in Fig. 2 as a function of the laser intensity.
At the lowest intensity 1.6 3 109 Wcm2, the signal
corresponds to electron energies ranging from 0 to 1 eV in
agreement with the expected value (1.1 eV), which can be
deduced from the Einstein multiphoton photoelectric law.
As the laser intensity increases, the maximum of energy
distribution is seen to be progressively shifted toward
FIG. 1. Variation of the electron signal emitted by an Au sur-
face in the presence of a surface plasmon resonance, irradiated
by two laser pulses of equal intensities, as a function of their
relative delay for two pulse durations: 60 fs (a); 400 fs (b).5182much higher energies and the spectrum is broadened
(13 eV at 8 3 109 Wcm2). However, conversion of the
ponderomotive potential into electron kinetic energy has
not time to be fully achieved for this ultrashort pulse
duration (60 fs), thus, larger shifts may be expected
when the laser pulse duration, that is, the plasmon life-
time, is increased. Such a behavior has been experi-
mentally verified, as shown on Fig. 3. For a fixed laser
intensity IL  3.2 3 109 Wcm2, the top of the electron
distribution is shifted by ca. 2.5 eV for a pulse duration
of 60 fs, and by 16 eV for 190 fs. The shifts evolve then
more slowly: 18 eV for 400 fs and 25 eV for 800 fs.
According to this evolution, our data are consistent with a
nearly complete conversion of the ponderomotive potential
into kinetic energy during the longest pulse duration, i.e.,
800 fs. Thus, photoelectrons with kinetic energies up
to 40 eV have been produced in a plasmon-assisted photo-
effect with moderate laser intensities, whereas electron
energies of less than 1.1 eV are expected from the or-
dinary multiphoton photoelectric process. Another sig-
nificant feature is the fairly Gaussian shape of the
distributions with a FWHM of the order of the shifts.
As already mentioned, the physical origin of these large
broadenings is the initial acceleration that depends on
the random phase “seen” by the electrons when they are
released in the plasmon field. Numerical simulations show
that the observed shape of the spectra effectively results
from a nonadiabatic (nonponderomotive) acceleration
mechanism of the photoelectron population at the very
beginning of the interaction [12].
An interesting result that can be obtained from the
photoelectron energy spectra and the simple model devel-
oped here is the possibility of evaluating the amplitude of
the plasmon resonance. Thus, if we consider the case of a
800 fs pulse duration which corresponds to full conversion
FIG. 2. Photoemitted electron spectra (raw data) of the Au sur-
face irradiated with a 60 fs laser pulse for four laser intensities:
1.6 3 109 Wcm2 (a), 4 3 109 Wcm2 (b), 6.5 3 109 W
cm2 (c), and 8 3 109 Wcm2 (d). The overshoot near zero
energy is due to transient effects in the spectrometer and
concerns a negligible part of the electron population.
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intensity 3.2 3 109 Wcm2 and for four pulse durations:
60 fs (a), 190 fs (b), 400 fs (c), and 800 fs (d).
of the electron quiver energy into kinetic energy, it appears
that the corresponding spectrum presents a broadening of
about 30 eV together with a minimum electron energy of
nearly §min  11 eV. Hence, the ponderomotive energy is
about Usp  10 eV and the theoretical value of the broad-
ening, given by the expression 2Usp 1 232§nUsp12,
is about 29 eV, for §n  1.1 eV, in excellent agreement
with the experimental measurement. From the value of
the laser intensity IL  3.2 3 109 Wcm2, we find
U0  1.9 3 1024 eV and the deduced amplitude ratio h
is therefore of the order of 230. It should be pointed out
that previous experiments on reflectivity or transmission
by thin films using spectrophotometry and polarimetry
techniques involving continuous light sources [13] have
led to estimate significantly lower values for the plas-
mon resonance [11]. However, these experiments have
involved steady-state irradiation conditions with electrons
in equilibrium with the lattice, which is obviously not
the case in the ultrashort time conditions of the present
experiments (60 to 800 fs), where the main relaxation
mechanisms such as plasmon-phonon interactions [8] do
not have enough time to significantly affect the plasmon
resonance amplitude.
In summary, we have shown that the photoelectrons
emitted by a metallic surface with a surface-plasmon-
assisted photoeffect are much more energetic than in an
ordinary photoeffect without electron collective excitation.
Moreover, there is no need of very high laser intensities,
such as in the case of multiphoton ionization of atoms
[5], to obtain efficient ponderomotive accelerations as
the relevant strong electric field is not the laser wave butthe resonant field of the plasmon localized at the metal
surface. An interesting consequence of this analysis is
that the electron spectra provide a way to evaluate the
magnitude of the surface-plasmon resonance.
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